Abstract Eumelanin and pheomelanin are the main endogenous pigments in animals and melanin-based coloration has multiple functions. Melanization is associated with major life-history traits, including immune and stress response, possibly because of pleiotropic effects of genes that control melanogenesis. The net effects on pheo-versus eumelanization and other life-history traits may depend on the antagonistic effects of the genes that trigger the biosynthesis of either melanin form. Covariation between melanin-based pigmentation and fitness traits enforced by pleiotropic genes has major evolutionary implications particularly for socio-sexual communication. However, evidence from non-model organisms in the wild is limited to very few species. Here, we tested the hypothesis that melanin-based coloration of barn swallow (Hirundo rustica) throat and belly feathers covaries with acquired immunity and activation of the hypothalamic-pituitaryadrenal (HPA) axis, as gauged by corticosterone plasma levels. Individuals of both sexes with darker brownish belly feathers had weaker humoral immune response, while darker males had higher circulating corticosterone levels only when parental workload was experimentally reduced. Because color of belly feathers depends on both eu-and pheomelanin, and its darkness decreases with an increase in the concentration of eu-relative to pheomelanin, these results are consistent with our expectation that relatively more eu-than pheomelanized individuals have better immune response and smaller activation of the HPA-axis. Covariation of immune and stress response arose for belly but not throat feather color, suggesting that any function of color as a signal of individual quality or of alternative lifehistory strategies depends on plumage region.
Introduction
Melanins are the main endogenous pigmentary determinants of coloration in animals (Majerus 1998) . Melanization of the integument serves a widely diverse set of functions, from protection of body tissues from abrasion and solar radiation to camouflage of both prey and predators and communication (Roulin 2004; Hill and McGraw 2006; Hoekstra 2006; see Meunier et al. 2011) . The dissection of the natural selection forces that have molded the evolution of melanism in individual species/populations is therefore deemed to be complex.
A fact of potentially major importance in the evolution of melanism is that the genes ultimately underpinning the regulation of melanin biosynthesis pleiotropically influence several life-history traits via the melanocortin system (Ducrest et al. 2008) . Melanocortins are derivatives of the prohormone encoded by the proopiomelanocortin (POMC) gene. Binding of the POMC gene products to the melanocortin 1-receptor (MC1R), which is expressed in the melanocytes of hair and feather follicles as well as in several tissues, triggers eumelanogenesis. In vertebrates, however, melanin pigmentation most often results from the accumulation of the black eumelanin and the yellow-reddish brown alternative melanin form, pheomelanin. The relative allocation to production of either component of such 'mixed melanin' pigmentation is mainly regulated by binding of melanocortins and the agouti signaling protein (ASIP) to MC1R, whereby ASIP inhibits production of eumelanin and triggers pheomelanin synthesis (see Ducrest et al. 2008; Simon et al. 2009 ).
Pleiotropic effects of POMC arise because its peptide derivatives, as well as ASIP can also bind to other MC (MC2-5) receptors besides MC1R, exerting regulatory effects on a number of additional important functions, spanning from energy homeostasis and socio-sexual behavior to immunity and stress response via the hypothalamic-pituitary-adrenal (HPA) axis (Ducrest et al. 2008) . ASIP, however, has antagonistic effects to melanocortins, implying that opposite correlations should arise between such functions and euversus pheomelanogenesis . Several studies have shown that by binding to MC1R and also MC3R and MC5R melanocortins can influence the course of inflammatory and cytotoxic immune processes in model species. Moreover, the fact that MC1R is expressed in several immune cell types (Catania et al. 1996; Taherzadeh et al. 1999; Loser et al. 2010 ; see Gangoso et al. 2011) suggests that melanocortins can have an important role in orchestrating both cell-mediated and humoral immunity.
Few studies on immune function and coloration in the wild have been carried out, and most of them understandably refer to immature individuals before fledging (Ducrest et al. 2008 ). In the tawny owl (Strix aluco), when nestlings were subjected to a humoral immune challenge the intensity of a subsequent T cell-mediated cutaneous response to phytohemagglutinin (PHA), but not the intensity of an innate immune response to bacterial LPS, was enhanced in nestlings with dark plumage and the opposite was the case for pale nestlings ). Moreover, a difference in the norm of reaction to PHA among nestlings was recorded according to maternal pheomelanic pigmentation. In contrast, Eleonora's falcon (Falco eleonorae) male nestlings of the dark morph mounted a weaker immune response to PHA than females (Gangoso et al. 2011 ). In the barn owl (Tyto alba), offspring with more spotted eumelanic plumage were found to express a larger humoral immune response to an experimental immune challenge (Roulin et al. 2000) . Darker adult female tawny owls mount a more persistent antibody response to vaccination ). Moreover, darker tawny owls experience lower parasitaemia (Galeotti and Sacchi 2003) and show different reaction norms to food stress ).
Melanocortins are also involved in regulation of the stress response via ACTH, which is part of the HPA axis that activates the synthesis of glucocorticoids by binding to MC2R in the adrenal glands (Charmandari et al. 2005; Ducrest et al. 2008) . Evidence for covariation between melanization and stress response via the HPA also comes from studies of very few species in the wild (Ducrest et al. 2008) . For example, among barn owl nestlings, the pattern of daily corticosterone ('Cort') level variation depended on eumelanic coloration of their parents and post-handling stress Cort levels were lower among more eumelanic individuals, suggesting better ability to cope with stress . Moreover, administration of Cort caused higher growth rate of more eumelanic nestlings (Almasi et al. 2012) . However, baseline circulating Cort level was invariant with pheo-and eumelanization of adult male barn owls, although more eumelanic males had a smaller Cort-induced reduction in parental performance (Almasi et al. 2008) .
Thus, pleiotropy of POMC and antagonistic effects of ASIP may provide a mechanistic basis for the associations between melanism and life-history traits (Ducrest et al. 2008 ). Yet, with the exception of a couple of closely related species where the potential associations among melanism and life-history traits has been studied, there is little information from vertebrate populations in the wild. This gap of knowledge is particularly pronounced for adult individuals. However, melanogenesis and coloration are known to vary with age (Weimerskirch et al. 1989; Potti and Montalvo 1991; Galván and Møller 2009 ). Immune functions are also known to vary during ontogeny (Janeway et al. 2005 ). In addition, physiological coping styles to stress can change during an individual's life (Rensel et al. 2010) .
The association between melanism and major fitness traits is of great relevance to evolutionary studies and particularly to the investigation of communication systems mediated by signals that reveal individual genetic quality and/or variation in life strategies with similar adaptive value (Majerus 1998; Jawor and Breitwisch 2003; Roulin 2004; . Therefore, there is a need to assess the generality of the facts that have been documented in some species.
In this study we take advantage of two previous experimental studies of a passerine bird, the barn swallow (Hirundo rustica), to investigate covariation between immune function or activation of the HPA axis (Saino et al. 2002a (Saino et al. , 2003 , and melanin-based coloration. As markers of immune function we used antibody response to an antigenic challenge and a general indicator of T cell-mediated immune response (the 'PHA test'). As a marker of the activation of the HPA axis, we used pre-acute stress (hereafter 'baseline') Cort levels at the end of the nestling period measured on a sample of fathers whose brood was enlarged or, respectively, reduced to alter parental workload (Saino et al. 2002a ). Furthermore, we applied a restraint stress protocol to trigger a short-term elevation in Cort levels (see Wingfield et al. 1998; Almasi et al. 2010; Liebl and Martin 2012) and investigated covariation between coloration and the increase in Cort levels following restraint.
Coloration was quantified by spectrophotometry for two plumage regions: the reddish-brown throat patch and the whitish-to-brownish belly plumage. These feathers contain both pheo-and eumelanin in barn swallows of the nominate H. rustica from Scotland (throat feathers only; McGraw et al. 2004) and of the subspecies H. r. erythrogaster from North America (belly feathers only; McGraw et al. 2005) . A recent study of barn swallows from the same population where the present study has been conducted (Saino et al. 2013 ) has confirmed that feathers from both plumage regions contain both melanin forms. Coloration is predicted by the concentration of both melanins in belly feathers of both sexes. Coloration of throat feathers, however, is predicted only by the concentration of pheomelanin in females, with larger concentrations being associated with darker, more saturated brown coloration. Importantly, the proportion of pheo-to eumelanin concentration positively predicts darkness and saturation of belly feather color (Saino et al. 2013) , suggesting that coloration reflects allocation to pheo-relative to eumelanogenesis.
Because brown coloration depends on both pheo-and eumelanin absolute concentrations, and melanocortin and their ASIP antagonist are expected to exert opposite effects, we had no clear-cut expectations on the sign of the associations between color components and immune or stress response. However, color darkness and saturation of whitish to brown belly feathers is positively predicted by the ratio between pheo-and eumelanin concentrations, implying that darker, more saturated color reflects larger allocation to pheo-than to eumelanogenesis (see above). Thus, we could expect weaker immune response in individuals with darker, relatively more pheo-than eumelaninc belly or throat (females) feathers (Ducrest et al. 2008) .
Because baseline Cort levels are involved in the resolution of trade-offs between major fitness traits, including reproduction (Sapolsky et al. 2000; Romero 2004; Charmandari et al. 2005; Landys et al. 2006; Bonier et al. 2009; Roulin et al. 2010) and are also involved in the regulation of circadian activity rhythms (Pancak and Taylor 1983; Jessop et al. 2002) , we expected the consequences of experimentally altered brood size to differ depending on melanization. Although the consequences of chronic stress on Cort levels may be difficult to predict, we expected higher Cort levels in darker males because their color reflects larger allocation to pheo-than eumelanogenesis, and particularly so among males attending enlarged broods. Similarly, we expected positive covariation between darkness and Cort levels after restraint stress, with a steeper relationship among males attending enlarged broods.
These predictions on the association between darkness of 'visible' feather coloration and immune or stress response variables pertain to the h hue tetrahedral color component (see ''Methods'') . Because in barn swallow belly feathers h tends to be negatively correlated with the u color component, accounting for UV reflectance, and with chroma, the predictions for u and chroma were formulated by adjusting their sign for this pattern of association among color components.
Methods
We relied on immune response and Cort plasma concentration data recorded during two experiments carried out in 1999 and 2001. The results of these studies are reported in Saino et al. (2002a Saino et al. ( , 2003 . No information on coloration was reported in the previously published papers.
Primary Antibody Response to NDV Vaccination
The methodological details of vaccination and antibody response analyses are reported in details in Saino et al. (2003) . Briefly, in 2001 we captured, sexed and individually marked breeding adults at six breeding colonies (=farms) located east of Milano (Northern Italy). Each individual received a subcutaneous injection of 20 ll commercial NDV vaccine (Nobivac Ò Paramyxo, Intervet, Salamanca, Spain). Vaccination occurred prior to egg laying; then individuals were captured 2 weeks after vaccination and a blood sample was collected to measure humoral response to vaccination. NDVspecific antibody concentration was measured by monoclonal antibody-blocking enzyme-linked immunosorbent assay (Czifra et al. 1996; Saino et al. 2002b Saino et al. , 2003 . The intensity of the immune response was expressed as percentage inhibition values, which are proportional to NDV-specific antibody concentrations. Age of breeding adults was identified based on well-established procedures (see e.g. Saino et al. 2003 Saino et al. , 2012 and references therein).
Wing Web Swelling Response to Phytohemagglutinin
The full details of the experiment that we did in 1999 where we measured the cutaneous response to PHA and Cort plasma levels are reported in Saino et al. (2002a) . The experiment aimed at analyzing the effect of altered parental effort on T cell-mediated immune response and Cort levels both before and after an acute stress episode (i.e. restraint in a bag) (Saino et al. 2002a ). Post-acute stress Cort levels Evol Biol (2013) 40:521-531 523 are presented here for the first time. We manipulated the size of the first brood of individually marked males immediately after hatching by reciprocally swapping an unbalanced number of nestlings between pairs of synchronous broods. We thus produced a group of broods whose size was reduced by one nestling and a group of broods whose size was increased by one nestling, while also establishing a control group of unmanipulated broods (PHA test only). Males were captured between 04:40 and 07:00 a.m., on average 1.9 days after fledging (6.3 SD; range 7 days before-16 days after fledging) of their nestlings in May to mid-June. After blood sampling for Cort analyses (see below), they were subjected to inoculation of 0.2 mg of PHA dissolved in 0.04 ml of phosphate-buffered saline (PBS) in the right wing web while the same amount of PBS was injected in the left wing web after the thickness of both wing webs had been measured using a pressuresensitive micrometer. The next morning, we recaptured the males and measured again the thickness of both wing webs. The intensity of the immune response was expressed as the difference between the change in thickness of the right, PHA-injected wing web, minus the change recorded in the left, sham-injected wing web (Saino et al. 1997 ).
Blood Sampling and Corticosterone Analyses
During the brood size manipulation experiment in 1999, upon the first capture (i.e. the capture when we injected PHA) we took a blood sample (100 ll) in capillary tubes by puncturing the ulnar vein. By standing close to the mist nets at the exits of the stables where barn swallows breed and normally spend the night during the breeding period, and by operating in teams of 2-3 people, we managed to sample blood within 1 min after the bird was captured in the net. Immediately after blood sampling, the birds were put individually in a cloth bag in a safe position at ambient temperature. Forty minutes later, a second blood sample was taken. This protocol was applied to induce an acute stress response. A similar protocol has been adopted by several previous studies (e.g. Almasi et al. (2010) who restrained barn owl nestlings for 26 ± 6 (SD) min; Liebl and Martin (2012) who restrained the birds for 30 min). Cort concentrations were measured by radioimmunoassay (see Saino et al. 2002a for the details). Males were captured between 04:40 and 07:00 a.m. on average 4.2 days after fledging (6.4 SD; range 7 days before-16 days after fledging) of their nestlings in May to mid-June. Hence, any seasonal, time-of-day or breeding stage effects on circulating corticosterone levels (Breuner et al. 1999; Romero 2002) should have been minimal (see also Saino et al. 2002a) . Because offspring are attended by their parents for ca. 1 week after fledging, most males were still involved or had just completed their first-brood parental duties. It should be noted that in the present study we present the data on Cort levels at second blood sampling (40-41 min after capture) that had not been included in Saino et al. (2002a) . In the analyses we used 'baseline' Cort levels recorded upon capture and change in Cort levels from baseline to those following restraint for 40 min.
Feather Coloration Measurements
We collected 3-10 feathers from the medial region of the brown throat color patch and 3-5 feathers from the left paramedian belly plumage region where coloration varies considerably among individuals from white to brownish. The feathers were stored in plastic bags in a dark place at room temperature until color analysis. Reflectance of one belly feather or three overlain throat feathers was measured twice using an Avantes DH-2000 spectrometer in a dark chamber. Illumination was provided by a combined deuterium-tungsten halogen light source. The illuminated field was 2.5 mm 2 wide and was centered approximately 1.5 mm from the distal end of the throat feathers and 2.5 mm from the distal end of the belly feather (i.e. in a white-to-brownish region). Color was quantified using the tetrachromatic color space model using TetraColorSpace program (Version 1a) run in MATLAB 7 (MathWorks, Natick, MA) (Goldsmith 1990 ), which incorporates information on both plumage reflectance spectra and bird cone sensitivity. This allows to estimate the relative stimulation of the retinal cones and thus to better model the color perceived by birds. This model has recently been adopted in a number of studies of tetrachromatic vertebrates (e.g. Stoddard and Prum 2008) . Each color vector in the tetrahedral color space is transformed to Cartesian coordinates that are subsequently converted into the spherical coordinates h, u, and r (see Stoddard and Prum 2008) . h and u that we used here to quantify hue roughly represent the red-green-blue (h) or the ultraviolet (u) components of hue, while r is a measure of chroma or color saturation, which was expressed as 'achieved chroma', rA = r/r max , i.e. as the ratio between measured chroma and maximum potential chroma (r max ).
In the analyses we assumed UVS cone type-retina and used spectral sensitivity of the blue tit (Cyanistes caeruleus) because this is the species phylogenetically more close to the barn swallow for which spectral sensitivity information is implemented in TetraColorSpace program. However, correlation analysis of h and u color components (see below) obtained by assuming blue tit or, respectively, average bird UVS spectral sensitivities disclosed strong associations (details not shown).
Relatively low values of h indicate darker brownish hues. Because the u component mainly reflects coloration in the UV spectrum, no verbal description of variation in color according to the u component as would be perceived by humans can be provided. Achieved chroma reflects saturation of the color, i.e. its level of 'monochromaticity'.
Repeatability of the coloration variables as estimated by measuring twice the same feather(s) of both plumage regions was always larger than 0.73 (n = 45 individuals for both plumage regions). Among-feathers repeatability estimated by measuring two different feathers from the same region was larger than 0.74 for all variables (n = 10 individuals for both plumage regions).
Statistical Analyses
We relied on linear models to analyze the association between immune or stress response variables and sex (binary factor) and age and tetrahedral components of feathers coloration (covariates). Because h, u and rA color components are inherently correlated within plumage regions while their correlation between plumage regions is low (Saino et al. 2013) , we ran separate models where we included only h, u or rA values measured on both plumage regions to avoid incurring biases in parameter estimates due to collinearity. In multiple linear models, when no significant interaction effects were found, interaction terms were removed en bloc in order to reduce the risk of incurring type I statistical errors. In the analyses of antibody response to vaccination in relation to coloration, data were centered within sex to control for any sex-related variation in coloration and immune response. In Cort analyses, the concentrations of the hormone were log etransformed. Throughout the study, the estimated parameters are presented with their standard error in parentheses. The a-value of all statistical tests was set at 0.05. All analyses were run using SPSS 13.0 statistical package.
Results

Primary Immune Response (PI) to NDV Vaccination and Coloration
In spring 2001 we measured primary immune response to NDV vaccination in 48 males and 28 females. In linear models of PI in relation to sex, age, and color components of belly and throat feathers, antibody response positively covaried with the h color component of belly feathers, but not with the other color components of belly feathers or with color of throat feathers (Table 1 ; Fig. 1 ). The twoway interaction effects did not attain significance in any case and were therefore removed from the models (Table 1) . Specifically, this implies that the slope of the relationships between antibody response and the h hue component of belly feather color did not differ between males and females. Because low h values are associated with darker brown hues, the positive sign of the coefficient associated with h [97.09 (29.82)] indicates that individuals with paler (i.e. less brownish) belly feathers raised a stronger immune response. Anti-NDV antibody concentration declined with age independently of sex and coloration, as indicated by the negative sign of the coefficients that significantly differed from 0 in the models of two out of three color components [h: -5.12 (2.27); rA: -6.67 (2.35)] (Table 1; see Saino et al. 2003 ).
Cell-mediated Immune Response to PHA and Coloration
In the experiment (spring 1999) where we manipulated brood size to measure the consequences of parental workload for T cell-mediated immune response and Cort levels of male parents, we found no significant covariation between PHAresponse and any of the color components measured on feathers from either plumage region (Table 2 ). Moreover, For all color variables, statistics for two-way interaction terms were obtained from multiple linear models including main effects. Statistics for main effects were obtained from multiple linear models from which all interaction terms had been removed, as their effect was nonsignificant (see ''Statistical analyses''). Sample sizes: n = 28 males; n = 48 females. See ''Results'' for parameter estimates of the significant terms, which are bolded Evol Biol (2013) 40:521-531 525
PHA response was not predicted by the interaction effects between brood size manipulation and color (Table 2) . Information on age was available for 30 out of the 34 males that were involved in the analyses. When the main effects of age and interaction terms with color components were included in the models presented in Table 2 , no significant effects emerged (details not shown).
Corticosterone Plasma Levels and Coloration
In the same experiment (spring 1999) where we measured PHA-response after brood size manipulation, baseline Cort concentrations of parental males were found to covary in a complex way with color. Cort levels were predicted by the interaction between brood size manipulation and h of belly feathers (Table 3 ). A simplified model including only brood size manipulation and h of belly feathers confirmed a significant interaction (F 1,39 = 7.48, P = 0.009; see also Table 3 ) and showed that Cort concentrations declined as h increased (i.e. declined as belly feathers got paler) in males attending reduced broods [coefficient: -3.42 (1.39), t = -2.47, P = 0.018], whereas they non-significantly increased with h [coefficient: 0.94 (0.97), t = 0.98, P = 0.335] in males attending an enlarged brood (Fig. 2) . Cort levels were also predicted by the interaction between brood size manipulation and rA, reflecting color saturation (Table 3) . Cort levels increased with saturation in both experimental groups, but more steeply so among males with a reduced compared to an enlarged brood [coefficient for brood reduction: 29.25 (9.13), t = 3.20, P = 0.003; enlargement: 23.33 (9.15), P = 0.015]. In the same model, there was also a significant interaction effect between rA measured in belly or throat feathers. The coefficient associated with the interaction between rA terms [-77.94 (27.46) ] indicates that Cort levels declined more steeply for relatively large values of rA components of belly and throat feathers color.
To test for the effect of exposure to an acute stress episode resulting from restraining the birds in a bag, Cort was also measured on blood samples collected 40 min after the first sample had been taken immediately after capture. Cort significantly increased [on average by 13.4 (3.73) ng ml
-1 ] between the first and the second sample (log etransformed data: t = 3.70, df = 42, P = 0.001) and this change did not differ between males attending a reduced compared to an enlarged brood (t = 0.67, df = 41, P = 0.506). The relationship between change in Cort and h of belly feathers depended on experimental treatment, as indicated by the significant interaction (Table 3 ). The coefficients estimated by the model in Table 3 indicate a non-significant negative covariation in reduced broods [coefficient: -4.101 (4.312), t = -0.95, P = 0.348] and a significant negative covariation for enlarged broods [-8.900 (4.089) , t = -2.18, P = 0.036], indicating higher For all color variables, statistics for two-way interaction terms were obtained from multiple linear models including main effects. Statistics for main effects were obtained from multiple linear models from which all interaction terms had been removed, as their effect was non-significant (see ''Statistical analyses''). Sample size of males were: brood reduction: n = 14, unmanipulated: n = 11, brood enlargement: n = 9. As information on age was available for 30 out of the 34 individuals, models excluding the non-significant age effects are presented (see ''Results'') stress-induced Cort levels in darker individuals. This discrepancy between the positive trend in the raw data for reduced broods (Fig. 3 ) and the coefficient estimated by the model (Table 3) 
Discussion
Pleiotropic effects of the genes that control melanogenesis have been invoked as the ultimate cause of the covariation between major life-history traits and melanic coloration (Ducrest et al. 2008) . However, there is limited information on covariation between immune function or HPA-mediated stress response and melanism in adults from free-ranging organisms (see Introduction). We aimed at filling this gap of knowledge by analyzing data on humoral and T cellmediated immune response and on stress response mediated by the HPA axis in relation to plumage coloration in adult barn swallows. We found that antibody response to a novel antigen was less intense in individuals of both sexes with relatively dark brownish belly plumage. This relationship was independent of any age effects. In addition, we can exclude seasonal or habitat effects (see Gasparini et al. 2009 ) because color and immunity did not vary with date nor among colonies in the present sample (details not shown). For the u color component, statistics for two-way interaction terms were obtained from multiple linear models including main effects, while statistics for main effects were obtained from multiple linear models from which all interaction terms had been removed, as their effect was nonsignificant (see ''Statistical analyses''). For h and rA, all the effects were estimated from multiple linear models including all terms, as some interaction effects were significant. Sample size of males were: brood reduction: n = 24, enlargement: n = 19. See ''Results'' for parameter estimates of the significant terms, which are bolded Fig. 2 'Baseline' corticosterone plasma levels recorded immediately after capture in relation to the h color component of belly feathers of male barn swallows that were attending a reduced or an enlarged brood. The direction of change in darkness of brownish visible color and of the relative pheo-and eumelanin concentrations (according to Saino et al. 2013 ) are displayed on the x-axis. Lines are fitted by linear regression. The relationship for reduced broods is statistically significant (P \ 0.05; see ''Results'') Evol Biol (2013) 40:521-531 527 In the barn swallow, as in other species with mixed melanic pigmentation like the tawny owl ), darkness of coloration of individual brownish feathers depends on the absolute concentration of eu-and pheomelanin, making it difficult to formulate clear-cut predictions on the sign of the covariation between performance and color. This is the case because the pleiotropic genetic mechanisms that underpin eu-and pheomelanogenesis may have reciprocally antagonistic effects on performance traits (Ducrest et al. 2008; . However, darkness is significantly positively predicted by the relative concentration of pheo-and eumelanin in males (Saino et al. 2013) , while this relationship is also positive but non-significant among females. This implies that, in our study, individuals with larger allocation to eu-relative to pheomelanogenesis had larger humoral immune response. Because the genes that trigger eu-or pheomelanogenesis have reciprocally antagonistic effects, the net effect on the traits that they are pleiotropically targeting may depend on the relative levels of their simultaneous expression. Because paler individuals are relatively more eumelanic (Saino et al. 2013) , the present evidence of more intense immune response by paler individuals is consistent with the expectation of better immune performance associated with eumelanization. In general, it could be suggested that relative, besides absolute levels of eu-or pheomelanization should be considered in the analysis of the covariation between lifehistory traits and melanization. Although in species with mixed melanization relative and absolute levels of eu-(or pheo-) melanins will inevitably tend to be positively correlated, the relative concentration of either melanin form, besides their absolute concentrations, may also predict performance at other, genetically linked traits. Because of the mixed (eu-plus pheomelanin) nature of the melanization of barn swallow feathers, the mechanistic interpretation of the covariation between humoral immunity and color hue is not straightforward. Yet, the present results are consistent with a general model of pleiotropic, antagonistic effects of the genes that trigger eu-and pheomelanogenesis, and also with a positive association between eumelanogenesis and immunity because individuals with larger concentration of eumelanin relative to pheomelanin had more intense humoral response.
Response to PHA in barn swallows declines after fledging, but variance among adults is extensive (coefficient of variation = 86 %; present study), implying that there is ample scope for a covariation with other traits. However, we did not find any association of response to PHA with coloration, which was expected because PHA-response is associated with mutations at MC1R (Gangoso et al. 2011) . We have no firm explanation for the lack of association between melanization and PHA response. In general, pleiotropic effects of genes that control melanization are expected to result in behavioral and physiological syndromes. Therefore, the resolution of physiological tradeoffs between the competing demands of immune response and socio-sexual activities or reproduction (Bonneaud et al. 2003; Uller et al. 2006 ) could itself covary with melanization. Such tradeoff could thus have confounded any association between melanization and this component of acquired immunity.
Because of pleiotropy of the genes that ultimately control melanogenesis, we also analyzed variation in Cort levels after altered parental workload or acute stress, according to color. Parents attending size-manipulated broods adjust their food provisioning effort (Saino et al. 2000) . In the present study, workload of parents of enlarged broods was ca. 20 % larger than that of parents of reduced broods (Saino et al. 2002a ). This modest increase in parental effort was not associated with any apparent effect on baseline Cort levels. Yet, we found increased activation of the HPA axis in darker adult males attending a reduced, but not an enlarged brood. The present results for male parents of reduced broods can be interpreted along the same line as those for antibody response (see above): because darkness depends on concentration of both pheomelanin and eumelanin, but increases with the pheo-to eumelanin ratio, our results indicate that males that allocate more to eu-than to pheomelanogenesis have lower activation of the HPA axis. Why no relation was observed among parental males of enlarged broods is matter of speculation. In fact, predicting the consequences of longlasting altered stimulation of the HPA axis-mediated coping mechanism for Cort levels is difficult. One possibility is that the resolution of tradeoffs among e.g. parental care and Fig. 3 Change in corticosterone plasma levels between the time of capture and after 40 min restraint in relation to the h tetrahedral color component of belly feathers of male barn swallows that were attending a reduced or an enlarged brood. The direction of change in darkness of brownish visible color and of the relative pheo-and eumelanin concentrations (Saino et al. 2013 ) are displayed on the x-axis. Lines are fitted by linear regression. The relationship for enlarged broods is statistically significant (P \ 0.05; see ''Results'') socio-sexual behavior under increased parental effort covaried with coloration. This is consistent with previously reported interaction effects between brood size manipulation and color on offspring growth (Roulin et al. 2008a, b) . In addition, covariation between melanin coloration and other phenotypic traits are very often context-dependent (Roulin 2009 ).
Stressful restraint (see Almasi et al. 2010; Liebl and Martin 2012) caused an increase in Cort levels, consistent with the prediction. However, change in Cort levels did not differ between brood size manipulation treatments. This finding indicates that altered parental workload does not influence subsequent susceptibility to a novel stressor possibly because the level of stress was too mild. Alternatively, the effect of acclimation to chronic stress on one hand and any positive feedback on HPA axis responsiveness during increased parental workload on the other cancelled each other, producing no differential effect on postrestraint Cort levels between treatments. Post-restraint, however, relatively more pheomelanic fathers of enlarged broods had larger Cort levels, again consistently with the prediction that individuals that allocate more to eu-than pheomelanogenesis should show lower activation of the HPA axis.
Evidence for higher resistance to stressors in dark eumelanic individuals has been found in studies of vertebrate species in the wild (Ducrest et al. 2008) . For example, studies of barn owls have suggested that coping styles of darker eumelanic individuals allow better buffering of the physiological consequences of stress for activation of the HPA axis (Roulin and Ducrest 2011 ; but see Almasi et al. 2008) . Hence, as long as relative eu-and pheomelanin levels are considered, present results are consistent with the expectation, although the specific patterns of covariation between Cort and color depending on experimental brood size are puzzling.
Unexpectedly, while significant covariation of immune and stress responses was observed for the 'visible' hue of belly feathers, there was no association with hue of throat feathers. This finding may suggest that melanogenesis of different plumage regions is regulated by partly different mechanisms. Feathers are organized in feather tracts that are molted at different times of the annual cycle (Ginn and Melville 1983) . Feather tracts also commonly differ in coloration. In addition, these color patterns show specific sex-and age-related changes (e.g. Galván and Møller 2009) . Different feather tracts with colors based on different pigments often constitute multiple signals with different information content (Møller and Pomiankowski 1993) . Experiments on chicken cell cultures have shown that melanosomes migrate from the underlying tissue to the feather follicles depending on the antioxidant status of the tissue (Bowers et al. 1999) . Therefore, different feather tracts such as the throat and the belly feathers of the barn swallow may differ in their susceptibility to stress and, therefore, also in their relationship with immune function.
As long as any potential environmental determination of melanogenesis is considered (Fargallo et al. 2007 ), temporal effects might also concur in this differential covariation because belly and head feathers are molted at partly different times (Turner 2006) . However, it is difficult to imagine how such asynchrony in molt could result in a difference in the association between coloration at either plumage region and fitness traits, given that molt is completed months before the breeding season.
The difference in the association between melanization at different plumage regions and physiological traits has obvious implications for the analysis of the socio-sexual function of coloration, as it indicates that belly but not throat coloration may reflect genetic quality or individual differences in life-history strategies with similar adaptive value (Roulin 2004) . On the other hand, Cort levels covaried with the interaction effects between chroma of belly and throat feathers, suggesting that signaling may also occur via the combined color saturation at either plumage region.
In conclusion, we provided evidence for an association between melanin-based coloration, humoral immunity and activation of the HPA axis in response to chronic and acute stress. These findings are consistent with a general model of pleiotropic effects of genes that control melanogenesis. Indeed, we observed that darker individuals, which accumulate relatively more pheo-than eumelanin in their belly feathers compared to paler ones, had weaker humoral immune response and higher activation of the HPA axis, although the latter association depended on experimental manipulation of parental workload. Significant covariation between immune or stress response variables and color was observed for belly, but not throat, feathers. Therefore, these findings suggest that any socio-sexual signaling function of individual quality, as well as any differences in life-history strategies with similar adaptive values, mediated by melanization, vary among plumage regions.
